The induction of freezing tolerance in bromegrass (Bromus inermis Leyss) cell culture was used to investigate the activity of abscisic acid (ABA) analogs. Analogs were either part of an array of 32 derived from systematic alterations to four regions of the ABA molecule or related, pure optical isomers. Alterations were made to the functional group at C-1 (acid replaced with methyl ester, aldehyde, or alcohol), the configuration at C-2, C-3 (cis double bond replaced with trans double bond), the bond order at C-4, C-5 (trans double bond replaced with a triple bond), and ring saturation (C-2', C-3' double bond replaced with a single bond so that the C-2' methyl and side chain were cis). All deviations in structure from ABA reduced activity. A cis C-2, C-3 double bond was the only substituent absolutely required for activity. Overall, acids and esters were more active than aldehydes and alcohols, cyclohexenones were more active than cyclohexanones, and dienoic and acetylenic analogs were equally active. The activity associated with any one substituent was, however, markedly influenced by the presence of other substituents. cis, trans analogs were more active than their corresponding acetylenic analogs unless the C-1 was an ester. Cyclohexenones were more active than cyclohexanones regardless of oxidation level at C-1. An acetylenic side chain decreased the activity of cyclohexenones but increased the activity of cyclohexanones relative to their cis, trans counterparts. Trends suggested that for activity the configuration at C-i' has to be the same as in (S)-ABA, in dihydro analogs the C-2'-methyl and the side chain must be cis, small positional changes of the 7'-methyl are tolerable, and the C-1 has to be at the acid oxidation level.
suggested that for activity the configuration at C-i' has to be the same as in (S)-ABA, in dihydro analogs the C-2'-methyl and the side chain must be cis, small positional changes of the 7'-methyl are tolerable, and the C-1 has to be at the acid oxidation level.
The phytohormone ABA is implicated in numerous physiological responses, such as control of stomata aperture, dormancy, abscission, germination, and growth inhibition (27) . Many of these processes are used as bioassays in conjunction with ABA analogs to assess the molecular requirements for ABA action (7, 11, 25 Canada. further the molecular requirements for ABA action (1, 6-8, 23, 24) and the practical consequences of finding analogs that could ameliorate abiotic stress (2, 4, 5, 7, 17, 20) . Assessing the molecular requirements of ABA action from analog-bioassay studies is complicated by several assumptions, e.g. that compounds act at the same site of action as ABA, that the rates of migration to the active site are similar, and that metabolism neither activates nor deactivates compounds (11, 25) . The effect of any given assumption, however, is dependent on the specific bioassay. For example, rapid assays (e.g. stomatal closure) minimize metabolic complications.
In this study a bromegrass (Bromus inermis Leyss) cell suspension culture that cold hardens in response to exogenous ABA at nonhardening temperatures (250C) (3, (14) (15) (16) was used as a bioassay for structure-activity investigations. This cell culture is also used as a model system to investigate changes in gene expression during acclimation (18) and the effect of other phytohormones on freezing tolerance (16) . Although this bioassay is lengthy (7 d) , it has several advantages: it is physiologically well defined (14, 15, 18) ; the possibility of obtaining an ABA-like response from a toxic compound is lessened, because the development of freezing tolerance is an active metabolic process (18) ; cells have fewer barriers to uptake compared to whole plants; sterile culture eliminates the effects of microbial metabolism; metabolism can be conveniently studied, because cultures excrete metabolites into the medium; and, because the cultures are maintained in the dark (14, 15) , isomerization of the cis double bond in the side chain of ABA is minimized.
For complete structure-activity analysis, an array of analogs was chosen by systematically varying four regions of the ABA molecule. Alterations were made to functionality at C-1 (acid replaced with methyl ester, aldehyde, or alcohol, Fig.  1A ), configuration at C-2, C-3 (cis double bond replaced with trans double bond, Fig. 1B) , bond order at C-4, C-5 (trans double bond replaced with a triple bond, Fig. 1C ), and ring saturation (C-2', C-3' double bond replaced with a single bond so that the C-2' methyl and side chain are cis, Fig. 1D ). Limiting chemical changes to one per analog more clearly defines the biological activity attributable to a specific region of the ABA molecule. Although a single concentration of 100 AM was used, response should reflect potency, because the induction of freezing tolerance is concentration dependent from 0.1 to 100 /LM for ABA (3) .
2024 Figure 1 . Structural formula of (S)-ABA, showing conventional numbering system (top) and conformation representation, with altered regions of the molecule highlighted (bottom). Alterations were made to (A) the functional group at C-1 (acid replaced with methyl ester, aldehyde, or alcohol), (B) the configuration at C-2, C-3 (cis double bond replaced with trans double bond), (C) the bond order at C-4, C-5 (trans double bond replaced with a triple bond), and (D) ring saturation (C-2', C-3' double bond replaced with a single bond so that the C-2' methyl and side chain are cis). Hydrogen atoms are omitted for clarity.
The objective of this study was to develop structure-activity relationships for the ABA analog-mediated induction of freezing tolerance in cultured bromegrass cells.
MATERIALS AND METHODS

Source of Chemicals
Racemic ABA was obtained from Calbiochem. ABA-related chemicals were synthesized at the National Research Council in Saskatoon according to published methods (1, 2, 9, 23, 24) .
Plant Material and Culture Conditions
Bromegrass (Bromus inermis Leyss) cell-suspension cultures were cultured as previously described (16) . Briefly, an inoculum (500 mg) was grown in 50 mL of Erickson's medium in 250-mL Erlenmeyer flasks on a rotary shaker (80-100 rpm) at 250C in the dark. ABA and ABA analogs were dissolved in a volume of DMSO equal to 0.1% of the final solution volume and made to 5 mL with sterile medium. A nylon filter syringe (0.22-,um pore size) was used to add 5 mL to 45 mL of sterile medium to provide to a final concentration of 100 uM. Cultures were incubated for 7 d before determining freezing tolerance.
Determination of Freezing Tolerance
Freezing conditions were similar to those described by Reaney et al. (16) . After cultures were washed with 250 mL of double-distilled water, approximately 100-mg samples were added to 10-x 75-mm test tubes and equilibrated for 4 h at -30C in an ethylene glycol bath before nucleation with ice crystals. After 16 h at -30C, the temperature was lowered at 20C per h. When the desired test temperature was attained, the samples were removed from the freezer and thawed overnight at 40C.
Viability was determined by measuring TTC3 reduction essentially as described by Towill and Mazur (22) using the procedure described by Reaney et al. (16) with the following modifications: thawed cells (approximately 100.0 mg fresh weight) were incubated in 3.0 mL of TTC solution (0.08% TTC in 50 mm sodium-potassium phosphate buffer, pH 7.5) for 24 h in the dark. The TTC solution was removed by vacuum, and the formazan produced by the living cells was extracted with 3.0 mL of 95% ethanol for 72 h in the dark and measured photometrically (A485).
A test temperature of -200C was chosen because warmer test temperatures yielded inconsistent TTC reduction data that correlated poorly with survival at -300C (r2 = 0.20, 0.45, and 0.97, for 3, -10, and -200C, respectively). Furthermore, -300C often resulted in complete lethality, thereby masking the effect of slightly active analogs. The entire experiment was repeated twice, and the percentage of TTC reduction data are means of three replications. Survival was expressed as percentage of TTC A, which was calculated as the ratio of A485 per g of analog-treated cells to A485 per g ABA-treated cells after freezing to -200C.
Analysis of Data
Data from only one experiment are shown because of large differences in absolute values; however, both experiments revealed identical trends, e.g. relative cis versus trans activity. Analogs were compared with the control by LSD (P = 0.05) following analysis of variance of all treatments. For structural comparisons, treatments were organized for analysis of variance as a 2 x 2 x 2 x 4 factorial experiment with molecular location and substituent group taken as factor and level, respectively. Only treatment means were used in the factorial analysis, because controls are not easily included in this design. However, control values are presented in all figures for comparative purposes. Interaction means were separated with either preplanned contrasts (P = 0.01) or LSD (P = 0.05).
RESULTS AND DISCUSSION
Structure-Activity Relationships
The regions of the ABA molecule systematically altered are illustrated in Figure 1 and the structure of the individual 3Abbreviation: TTC, triphenyl tetrazolium chloride. analogs can be determined from Figure 2 . All analogs were racemic mixtures except for the optical isomers shown in Figure 3 .
Geometry of the C-2, C-3 Double Bond trans analogs are invariably inactive, whereas in cis analogs activity is dependent on other functional groups (Fig. 2) . This is reflected by the range of activity of cis compounds (1-100%) compared with trans compounds (1-10%). Some of the trans isomers of highly active cis analogs induce slight but consistent tolerance, e.g. 174, 18, 21, and 29 (Fig. 2) . NMR data reveal that these trans analog solutions contained 2 to 5% of the equivalent cis analog before addition to the cultures (results not shown). Therefore, it is possible that only cis analogs are active. The elimination of ABA-like activity associated with isomerization of the cis C-2, C-3 double bond to trans in ABA and ABA analogs is well documented (11, 25) . Henceforth, only cis data will be presented, because the trans compounds did not cause differential cell survival, and, therefore, their means would mask differences if included in the analysis.
Functionality at C-1 Overall, both acids and esters are highly active if paired with certain other functional groups. In contrast, aldehydes 'Throughout this paper, boldface numerals refer to the analogs described in Figures 2 and 3. and alcohols are only slightly active and are not influenced by other substituents with two exceptions: abscisyl alcohol 4 and abscisyl aldehyde 3 (Fig. 2) . The (21) and abscisyl alcohol being converted to ABA via a minor pathway (19) .
The low activity of both abscisyl aldehyde and alcohol, and acetylenic abscisyl aldehyde and alcohol, is in marked contrast to their high activity in the majority of previous studies using different bioassays (6, 13, 17, 20, 25) . Abscisyl aldehyde and acetylenic abscisyl aldehyde both induce freezing tolerance in Brassica campestris seedlings (L.V. Gusta, unpublished observations). Therefore, in bromegrass culture, alcohols and aldehydes are either oxidized to ABA too slowly This reasoning, combined with the metabolic data correlating the rate of conversion to ABA to the degree of freezing tolerance induced, suggests that alcohols and aldehydes are only active after oxidation to acids. It is not established whether esters are active per se or whether they must be hydrolyzed to the free acid. Although analysis of bromegrass culture filtrates indicates slow hydrolysis of methyl ABA (results not shown), this may be misleading, because the ABA concentration in the filtrate may not accurately reflect the cellular rate of hydrolysis because of alkaline trapping of the anion of ABA within cells. When cellular concentrations were determined in a growth inhibition study using Phaseolus, hydrolysis accounted for all ester activity (26) . In either case, it can be concluded that the C-1 carbon must be at the acid oxidation level for activity. Therefore, specificity at C-1 for the induction of freezing tolerance differs from that reported for previous assays (25) . Specificity is more stringent than for several other ABA bioassays, which may only require a single C-1 oxygen (10, 13, 20, 25) , but less stringent than recognition by three ABA antibodies (artificial receptors) raised against C-4' conjugates of (S)-ABA, which require a free carboxyl group (24) .
Ring Bond Order at C-2', C-3'
Although all analogs with ring double bonds are more effective than similarly substituted analogs with saturated rings, with the exception of 13 (Fig. 2) , an actual or potential ring double bond at C-2', C-3' is not absolutely required for activity as reported in other assays (10, 13, 25) . In addition, the activity of cyclohexenone-and cyclohexanone-based analogs depends in part on the level of oxidation at C-1 (Fig.  4B) . Analogs with ring double bonds are multiplicatively more active than their single bond equivalents when the C-1 functional group is an acid, ester, or alcohol but of equally 0 low activity when C-1 is an aldehyde, regardless of ring bond order at C-2', C-3'. The influence of other functional groups on the activity of dihydro compounds may explain why an actual or potential ring double bond is required for activity in several assays (10, 13 , 25 ) and yet 2',3'-dihydro ABA 9 partially inhibits seed germination (12, 23) and cross-reacts with two monoclonal antibodies raised against (S)-ABA (24).
Optical Isomerism
Pure optical isomers of dihydro analogs provide a means of elucidating the effect of cis-trans isomerism between the side chain and the C-2'-methyl group on analog activity. In racemic mixtures of dihydro compounds, the C-2'-methyl group is always cis to the side chain because of the method of chemical synthesis (9) . In this configuration, the C-2'-methyl can occupy a similar, but not identical, region of space as the C-2'-methyl of ABA (coplanar with the ring) when the side chain is axial. The analog 33 (Fig. 3) , a pure optical isomer of 13 with the same relative configuration at C-i' as (S)-ABA, is highly active and induces 60 ± 13% of the freezing tolerance of ABA. These results agree with the high activity of the corresponding pure optical isomer of 9 with the same relative configurations at C-i' and C-2' (8) . This configuration at C-i' may be required for activity because (R)-ABA is far less effective than (S)-ABA at inducing freezing tolerance (8) . The side chain and the 7'-methyl group must be cis for activity, because analogs with these groups trans have no activity, as illustrated by 34 (Fig. 3) , which induces only 1.9 ± 1 % of the freezing tolerance of ABA.
From the above trends, we can tentatively conclude that the configuration at C-i' must be the same as in (S)-ABA, the C-2'-methyl and the side chain must be cis, and small positional changes in the 7'-methyl are tolerable. This specificity is similar to that of the MAC 62 monoclonal antibody (24) and for germination inhibition of wheat (23) .
Side Chain Bond Order at C-4, C-5 Replacing the trans double bond at C-4, C-5 in the side chain with a triple bond can decrease (ABA versus 5), not Control COOH CH20H CHO COOCH3 COOH CH20H CHO COOCH3
Functionality at C-1 C-2', C-3' affect (2 versus 6 and 9 versus 13), or increase (10 versus 14) analog activity, depending on other substitutions (Fig. 2) . These results are consistent with previous reports of acetylenic analogs having high activity with regard to freezing tolerance (5) and other physiological processes (2, 4, 10, 13, 20) . However, acetylenic analog activity is dependent on the presence of other 'active' functional groups, particularly at C-1 (10, 20) . The effect of bond order at C-4, C-5 on analog activity depends in part on ring bond order at C-2', C-3'. A triple bond decreases the activity of cyclohexenones but increases the activity of cyclohexanones, relative to their cis, trans counterparts (Fig. 4C) . The effect of chain bond order is further modified by the oxidation level at C-1. An acetylenic bond at C-4, C-5 reduces analog activity, relative to similarly substituted dienoic analogs, when the C-1 is an acid, alcohol, or aldehyde but through some synergistic effect increases the activity of esters (Fig. 4A) .
Although the origin of these interactions is unknown, some of the effects may be due in part to the instability of 5 compared with other analogs. In solution, 5 cyclizes to the 'y-lactone, whereas its methyl ester 6 is stable (G.D. Abrams, unpublished data). The effect of this possible artifact on the results is, however, negligible, as determined by repeating the statistical analysis with the means of 5 replaced with those of 6 (results not shown).
It is interesting that the reciprocity between ring bond order and chain bond order on analog activity (Fig. 4C) is similar to the specificity of the monoclonal antibody MAC 62 (24) . MAC 62, raised against (S)-ABA, will only react with dihydro analogs if there is a triple bond at C-4, C-5 in the side chain. In contrast, two other antibodies, 15-I-C5 and DBPA 1, will not bind to acetylenic analogs regardless of other substitutions. Therefore, MAC 62 would be a good starting point for an anti-idiotype study of ABA receptor(s) involved in freezing tolerance.
Activity is further determined by the effects of ring bond order, chain bond order, and C-1 functionality on each others' activity, as illustrated by the cis analogs in Figure 2 . For cyclohexenone-based analogs, replacing the C-4, C-5 double bond with a triple bond decreases the activity of acids, alcohols, and aldehydes but does not affect the activity of esters. In contrast, for cyclohexanone-based analogs, a triple bond increases the activity of esters and decreases the activity of aldehydes but does not effect the activity of acids or alcohols.
These results provide clues to the shape of ABA analogs that can be accommodated at the active site involved in freezing tolerance, which is intriguingly similar to molecular requirements of MAC 62 (24) . We are currently investigating the metabolism of active compounds and the biological activity of their metabolites as well as changes in gene expression during analog-induced cold acclimation. Further structureactivity studies are planned to probe other regions of the ABA molecule. Integration of the above projects will be used to direct a molecular modeling study of ABA analogs to elucidate the requirements of the active site involved in the induction of freezing tolerance.
